We examined the relationship between blood anti-( p<0.0001); smoking habit with a-1-antichymotrypsin ( p<0.0001), with caeruloplasmin, oxidant enzyme activities, indices of inflammatory status and a number of lifestyle factors in the both protein and oxidase ( p<0.0001) and with glutathione peroxidose (GPX) ( p<0.0001); social Caerphilly prospective cohort study of ischaemic heart disease. The study began in 1979 and is based class with a-1-antichymotrypsin ( p<0.0001), with caeruloplasmin both protein ( p<0.001) and oxidase on a representative male population sample. Initially 2512 men were seen in phase I, and followed-up ( p<0.01) and with GPX ( p<0.0001); body mass index with a-1-antichymotrypsin (p<0.0001) and every 5 years in phases II and III; they have recently been seen in phase IV. Data on social class, smoking with caeruloplasmin protein (p<0.001). There was no significant association between alcohol consumphabit, alcohol consumption were obtained by questionnaire, and body mass index was measured. tion and any of the blood enzymes measured. Factor analysis produced a three-factor model (explaining Antioxidant enzyme activities and indices of inflammatory status were estimated by standard tech-65.9% of the variation in the data set) which appeared to indicate close inter-relationships among niques. Significant associations were observed for: age with a-1-antichymotrypsin (p<0.0001) and antioxidants. with caeruloplasmin, both protein and oxidase
Introduction
Ischaemic heart disease continues to be a major zinc has a structural role) and accelerates the dismutation of superoxide O 2 − to H 2 O 2 and O 2 .7 The cause of death in Europe and the USA.1 In recent years there has been much interest in the pathological selenium-containing enzyme glutathione peroxidase detoxifies H 2 O 2 by utilizing reduced glutathione role of free radicals in the development of atherosclerosis.2-5 The body has evolved a complex defence (GSH) and H 2 O 2 as substrates to yield H 2 O and oxidized glutathione (GSSG);8 the GSSG, in turn, is strategy to minimize the damaging effects of various oxidants. Central to this defence are the antioxidant reduced to GSH by the enzyme glutathione reductase which requires NADPH as reductant; the latter is enzymes of the blood. They include superoxide dismutase (SOD, EC 1.15.1.1), glutathione peroxidsupplied via the enzyme glucose-6-phosphate dehydrogenase (G-6-PDH, EC 1.1.1.49). Catalase is a ase (GPX, EC 1.11.1.9), catalase (EC 1.11.1.6), and caeruloplasmin, which act in concert to protect large enzyme containing haem-bound iron at its active sites. It removes H 2 O 2 by breaking it down the organism from oxidative damage.6 Erythrocyte superoxide dismutase is copper-dependent (though directly to O 2 .9 In plasma, caeruloplasmin (oxidase)
acts as an important antioxidant in the protection of by low-speed centrifugation, and the erythrocytes were washed with physiological saline. Both plasma the organism from oxidative stress. This latter and washed erythrocytes were stored at −70°C enzyme, together with alpha-1-antichymotrypsin, is prior to analysis. also an acute-phase reactant and can be used to Antioxidant enzymes were estimated by standard indicate inflammatory status. methods as follows. Superoxide dismutase, glutaAccumulating evidence suggests that alterations thione peroxidase and glucose-6-phosphate dehydroor disturbances in these defensive enzyme systems genase activities were estimated on a Cobas Fara may contribute to, or exacerbate, the development auto-analyzer using commercially available kits supof atherosclerosis.10-12 Other studies examining the plied by Randox Laboratories. Erythrocyte catalase effect of ageing on myocardial antioxidant enzyme activity was estimated by the method of Aebi22 using activities and lipid peroxidation in rats have shown a Varian Cary 1 spectrometer. Erythrocyte haemothat myocardial antioxidant capacity is weakened globin (Hb) was measured by a modification of the during ageing, increasing the possibility of oxidative method described by Dacie and Lewis23 using a damage. 13 In humans, it has been demonstrated that dedicated haemoglobinometer (Coulter Electronics). smoking, a major risk factor for atherosclerosis
The assay was calibrated using cyanmethaemoglobin depresses plasma glutathione peroxidase activity.14 (HiCN) standard, conforming to B.S. 3985 (BDH) as The authors of the study argue that the finding is recommended by the manufacturer. The acute-phase consistent with the view that smokers are under a proteins alpha-1-antichymotrypsin and caeruloplassustained oxidative load, and that an inadequate min were estimated using immunoturbidometric antioxidant status combined with the increased free methods and commercial kits supplied by Dako, radical load caused by smoking, may exacerbate the with the exception that the aliquots used for these oxidation of LDL and increase its atherogenic properanalyses were diluted manually, instead of automatties. This may be particularly true in a population at ically prior to assay on a Cobas Fara auto-analyzer. high risk of coronary heart disease. Decreased glutaCaeruloplasmin oxidase (CpO) activity was estimated thione peroxidase, superoxide dismutase and catalase on the Cobas Fara using p-phenylenediamine activities have also been observed in platelets from dihydrochloride as a substrate.24 Intra-and inter-batch individuals with coronary heart disease,15 and in variations were <6.5% for all analytes measured. individuals with acute myocardial infarction. [16] [17] Additional data, including smoking habit, social Most of the studies examining antioxidant enzyme class, alcohol consumption and body mass index activities and heart disease have been in highly were collected by questionnaire and physical measselected subjects, using relatively small samples. The urement, respectively; full details have been Caerphilly prospective cohort study of ischaemic described previously.19 heart disease, stroke and cognitive decline, gave an opportunity to study blood antioxidant enzyme activ-
Statistical analysis
ities in a representative male population sample and explore possible interrelations between antioxidant
The distributions of the various parameters measured enzyme activities, age, social class, smoking habit were examined for normality using the Kolmogorov and alcohol consumption.
Smirnov test. Results are presented as means, medians and standard deviations (SDs), together with the mean and 95% ranges obtained after transformation of data if appropriate. Inter-relationships among Methods the various data sets were examined by correlation, A full description of the Caerphilly cohort and the regression in a correlation matrix, and by factor collection of data relevant to heart disease, stroke analysis, and for these, the variates were transformed, and other conditions has been given elsewhere;18-21 usually to logarithms, to achieve normality or near only a brief description is presented here. Initially normality, where appropriate. Factor analyses were 2512 men were seen in phase I (1979-1983) , when performed in an attempt to extract a relatively small they were aged 45-59 years. The men were subnumber of factors or underlying constructs which sequently followed-up after each 5-year period (in would simplify the interrelations of the variables and phases II and III) and have recently been seen in so facilitate understanding of the complex processes. phase IV. When the men were aged 55-69 years (phase III), fasting blood samples were taken for the estimation of blood antioxidant vitamins and Results enzymes. Unfortunately, the examinations of the men had commenced some months before the opporThere were 2154 men in the cohort at the time of tunity for these estimations arose and blood was not phase III examinations (1989) (1990) (1991) (1992) (1993) . Fasting blood obtained from a few hundred men for the antioxidant samples were obtained from 1800 of these, representing 84% of the total cohort. estimations. Plasma was separated from erythrocytes Means, medians and SDs for the antioxidant between the two. Therefore only standardized data are presented. Significant associations were observed enzymes studied in the Caerphilly cohort of men are shown in Table 1 . Only SOD and GPX were found for: age with alpha-1-antichymotrypsin and with caeruloplasmin, both protein and oxidase; smoking to be normally distributed. Results are presented for all enzymes as raw data and also following log habit with alpha-1-antichymotrypsin, with caeruloplasmin (protein and oxidase) and with GPX; social transformation. Inter-relationships (shown as correlation coefficients), among the various antioxidant class with alpha-1-antichymotrypsin, with caeruloplasmin (protein and oxidase) and with GPX; body enzymes in the cohort are shown in Table 2 . Significant correlations were observed between a mass index with alpha-1-antichymotrypsin and with caeruloplasmin protein. No significant association number of the measures, particularly those which are linked through inflammatory status, i.e. alphawas observed between alcohol consumption and any of the blood enzymes measured. 1-antichymotrypsin and caeruloplasmin (protein and oxidase). Associations of blood enzyme levels were When factor analysis was applied to the seven plasma variables (n=1689), two common factors also compared with a number of variates, specifically: age, smoking habit, social class, body mass were derived with eigen values of 2.24 and 1.40, which together explained 52.1% of the total variation index and alcohol consumption. The results are shown in Table 3 . Data were both examined as raw in the data set. Factor 1 explained 32.0% of the total variation in the data set. It was most closely associdata and standardized to allow for possible effects of confounders. There were no major differences ated with alpha-1-antichymotrypsin, caeruloplasmin 
0.722*** Data were all log-transformed except for superoxide dismutase (SOD) and glutathione peroxidase (GPX) which were normally distributed. Two-tailed tests of significance: **p<0.01; ***p<0.001. G-6-PDH, glucose-6-phosphate dehydrogenase. protein and oxidase (and to a less important degree still most closely associated with alpha-1-antichymotrypsin, caeruloplasmin protein and oxidase. with SOD and catalase). Factor 2 explained a further 20.1% of the total variation. It was most closely Factor 2 is most closely associated with SOD and catalase (and to a much lesser extent G-6-PDH). associated with SOD, catalase, G-6-PDH and GPX.
The measures of adequacy of the model were Factor 3 is most closely associated with GPX and G-6-PDH. adequate, with the notable exception of low communalities of three of the variables (0.42 for SOD,
The most striking improvement in the adequacy of the three-factor model as opposed to the two-0.34 for G-6-PDH, 0.18 for GPX) which made the model unacceptable.
factor model is the improvement in the communality of GPX (from 0.18 to 0.78). The communalities of A three-factor model was also constructed. Although the third factor explains marginally less of SOD and G-6-PDH also improved (to 0.63 and 0.42). It would appear that GPX has a particular role the total variation in the data set than an individual variable would, the communalities of the variables which is not contained within the three-factor model. (and other measures of the adequacy of the model) improve, indicating that this model provides a more fitting description of the interrelationships among the Discussion observed variables. Factor 3 explains a further 13.8% of the total variation in the data set, giving a total
The Caerphilly cohort of men has been extensively studied since the project's inception in 1979.25-29 for the three-factor model of 65.9%. Factor 1 is Data shown are means and 95% ranges after log transformation in original units (except for superoxide dismutase (SOD) and glutathione peroxidase (GPX) which are normally distributed and for which standard deviations are also shown). G-6-PDH, glucose-6-phosphate dehydrogenase. Each variate has been standardized for the effects of the other factors, except for age, which is shown unstandardized.
One of the strengths of the present data is that they possible relationships between the antioxidant enzymes and lifestyle factors were explored. have been derived from a representative population sample. Caerphilly, in south Wales, is a typical SOD activity is quantified indirectly in a sample by the ability of that sample to reduce the detected industrial/residential area, although the social class distribution suggests that there may be some bias free radical flux. SOD activities vary between assay systems, and therefore the kit manufacturers do not towards manual occupations. The aim of the present study was to obtain descriptive statistics and examine recommend reference ranges. However, the data obtained on the Caerphilly sample is comparable possible inter-relationships among blood antioxidant enzyme activities, using factor analysis as a data with previously published results using the same analytical kit.30 Activities of GPX may also vary reduction and hypothesis-creating technique. In addition, possible relationships between antioxidant within and between assay systems. It is thought that oxidized GPX is susceptible to deactivation by cyanenzymes and a number of lifestyle variates were investigated. Although there are currently no definitide, which is contained in the Drabkins reagent used to stabilize haemoglobin in the samples and prevent ive reference ranges for the antioxidant enzymes SOD, GPX and catalase, the results were initially other enzyme reactions from occurring.31 This problem was overcome by the addition of dithiothreitol/ compared with previously published data before dithionite in the dilution buffer. Results from the catalase. The observation that factor 3 is most closely Caerphilly cohort (38.0±11.0SD IU/g Hb) are similar associated with GPX and G-6-PDH is what would to a recently published study (36.1±6.5 IU/g Hb).32 be predicted by theory, as the latter enzyme produces The latter study, however, was based on a very small reduced cofactors for the reduction of glutathione number (n=10) of myocardial infarction patients.
that, in turn, may be utilized by the former enzyme. Mean catalase activities in the Caerphilly cohort Evidence indicates that glucose-6-phosphate is a were comparable with a previous, though much central molecule in cellular glucose metabolism smaller, study30 from our laboratory of a group of which critically influences pentose phosphate cycle 50-54-year-old males (52.9±17.1 cf. 49.0±20 K/g activity and, via NADPH generation, regulates GPX Hb respectively, n=18), who in turn had higher activity for radical detoxification and also cholesterol catalase activities than a much earlier study (of and triglyceride synthesis.39 31.3±9.6 K/g Hb). 33 The manufacturer of the G-6-
The Cu Zn SOD enzyme converts OV− 2 to H 2 O 2 . PDH kit used quotes a 'normal' value of 1.31±0. 13 Erythrocyte GPX can remove H 2 O 2 at a high rate, (mean±SD) U/gHb which is comparable to the and oxidizes GSH to GSSG. The GSSG can be results obtained in this study of 1.32±0.7 U/g Hb.
reduced to GSH by NADPH produced from G-6-PD. Acute-phase proteins are markers of disease. Those
Catalase has a greater capacity than GPX to destroy measured in this study are known as positive acute-H 2 O 2 (produced by, inter alia, the respiratory burst phase proteins (i.e. they increase in disease states).
of neutrophils) by breaking it down directly to H 2 O; Both mean alpha-1-antichymotrypsin and caeruloin terms of molecules of H 2 O 2 destroyed per min plasmin (protein) levels fell within previously estabper molecule of enzyme, it is one of the most active lished reference ranges34 of 0.3-0.6 and 0.15-0.6 g/l, enzymes known. However, its affinity for H 2 O 2 is respectively. They were also noted to be comparable also low, and it requires high H 2 O 2 concentrations to those in a cohort of the UK arm of the EPIC for high activity, dealing only slowly with H 2 O 2 at study,35 while caeruloplasmin oxidase activities were low concentrations. similar to those of a 1994 investigation.36 Table 3 The H 2 O 2 molecule has the ability to cross cell shows that, on the whole, blood antioxidant enzymes membranes readily and, if produced extracellularly, changed little with age. As expected, acute-phase can diffuse into the nearest cell (including erythroproteins (a measure of inflammatory status) were cytes) for metabolism by antioxidant enzymes. positively associated with age. Both acute-phase Therefore, erythrocytes and other cell types, could proteins displayed significant positive associations act as 'sinks' for H 2 O 2 . This inter-linking of antioxidwith smoking habit. Only GPX demonstrated a ant defence mechanisms combined with indices of significant association (negative) with smoking habit.
inflammation (or oxidative stress) may be what is Erythrocyte GPX activities have previously been being portrayed in the three-factor model. This shown to be lower in smokers compared with nonsupports the concept of a balanced, co-operative, smokers,37 most probably reflecting the increased antioxidant defence system in blood, which depends oxidative stress thought to occur in this group, owing on optimum levels of a number of antioxidant to the free radicals present in smoke.38 The results systems rather than on the concentration or activity for social class showed a trend towards increasing of a single antioxidant, but does not preclude or inflammatory status (as judged by increasing levels diminish the importance of particular antioxidants, of acute-phase proteins), with decreasing social class.
in particular situations or conditions. GPX was the only enzyme to show a significant
In conclusion, the major findings from this study association with social class, activities being are that caeruloplasmin (total and oxidase) is decreased in the manual group. BMI exhibited a increased in smokers only in the lower social classes. similar pattern to the other lifestyle factors examined, Changes in caeruloplasmin were reflected in changes however, the associations were not as strong. The in the acute-phase reactant alpha-1-antichymotrends and associations observed for the lower social trypsin, and were probably related to inflammation classes were not unexpected, with environmental or disease status. GPX was the only antioxidant circumstances and lifestyle factors such as smoking, enzyme to change significantly with lifestyle, increasdiet, etc. probably contributing to higher levels of ing with age, but was lower in smokers and those inflammation and increased BMIs.
in lower socio-economic classes and with lower Factor analysis of the data produced a three-factor BMI. Taken together these results indicate a model that explained 65.9% of the variation in the decreased antioxidant protection paralleling oxidatdata set. A number of interesting aspects were ive/inflammatory stress. Factor analysis resulted in a revealed by factor analysis. Factor 1 of the model three-factor model explaining 65.9% of the variation gathers together three measures which are linked in the data set, which appeared to indicate close through inflammatory mechanisms. Factor 2 includes two 'main-stream' antioxidants, namely SOD and inter-relationships among the antioxidant enzymes.
incidence of ischaemic heart disease. The Caerphilly and
